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1,1  Purpose 

The  purpose  of  this  project  is  to  evolve  a  practical  analytical  and 
empirical  approach  to  the  temperature  compensation  of  quartz  crystal 
oscillators.  The  study  will  encompass  numerous  methods  of  compensation, 
of  which  the  most  promising  will  be  investigated  fully  and  complete  design 
procedure  obtained.  The  study  will  be  concentrated  on  a  nominal  frequency 
of  three  megacycle,  but  will  be  generally  applicable  to  AT  cut  quartz 
crystals  of  from  1  to  20  megacycles. 


2,1  Abstract 


The  mathematical  analysis  of  five  different  methods  of  temperature 
compensating  crystal  oscillators  is  presented.  The  five  methods  presented 
are  referred  to  as  Methods  A,  B',  D  and  E.  Method  A  utilizes  a 
back-biased  diode  and  thermistors  as  the  compensation  elements.  Methods  B 
and  B*  utilize  the  junction  capacitance  of  the  transistor  and  thermistors 
in  the  transistor  bias  network  for  compensation.  Method  D  uses  the  injector 
to  collector  junction  capacitance  of  a  binistor  and  a  thermistor  control 
network  as  the  compensation  elements.  System  E  uses  a  forward  biased 
diode (  capacitor  and  thermistor  control  network  as  the  compensation  elements. 

The  results  of  experimental  tests  on  the  compensation  circuits  and/or 
compensated  oscillator  is  presented.  A  compensation  on  one  three-megacycle 
oscillator  was  within  +  ,7  parts  in  10^,  from  0®C  to  t60®C. 


i 


i 


2.1 


3.1  Conferences 


Mr.  Shodowski  and  Mr.  Layden  on  August  20,  1962,  at  The  Bendix  Corporation, 
Pioneer-Central  Division 

This  conference  covered  the  general  organization  of  the  project,  the  time 
schedule  and  the  emphasis  of  study.  The  proposed  time  schedule  was  reviewed  and 
approved.  Elimination  of  proposed  methods  of  compensation  that  do  not  appear 
feasible  is  to  be  done  before  the  end  of  the  2nd  Quarter.  It  was  agreed  that 
the  investigation  not  be  limited  to  the  specific  methods  initially  proposed, 
but  that  other  methods  also  be  investigated.  The  list  below  gives  a  summary 
of  some  of  the  methods  and  components  discussed  and  accepted  as  satisfactory 
for  investigation  purposes. 

Class  A:  Discrete  Systems 

1.  Back-Biased  Diode  Capacitor 

2 .  Variable  Inductance 

3.  Temperature  Sensitive  Capacitor 

4.  Barium  Titanate  Dielectric  Material 

5.  Electronically  Variable  Capacitance 

6.  Switching  Methods 

Class  B:  Integrated  Systems 

1.  Transistor  Method 

2 .  Binistor  Method 

It  was  decided  to  discontinue  the  voltage  regulator  study  that  had  been 
started  until  the  scope  of  work  warranted  its  continuance. 

The  final  result  of  this  project  was  defined  as  follows:  The  final 
report  shall  contain  sufficient  information  to  permit  an  engineer  to  compensate 
a  quartz  crystal  oscillator  to  an  accuracy  within  the  scope  of  this  investigation. 


3.1 


4„1  Varicap  Compensation  -  Mathematical  Analysis 

In  any  frequency  compensation  method,  a  means  ie  needed  whereby  a  change  in 
frequency  of  the  crystal  is  produced  that  is  equal  and  opposite  in  sense  to  the 
change  caused  by  temperature.  In  the  varicap  method  and  other  methods  of  compensation 
considered  in  this  report,  the  means  for  producing  a  compensating  frequency  change  is 
accomplished  by  changing  the  load  reactance  at  the  crystal  terminals.  Figure  1  shows 
the  effect  on  frequency  of  changing  the  load  capacitance  of  a  crystal  as  a  function 
of  the  crystal  ratio. 

A  general  form  of  frequency  compensation  can  be  illustrated  as  in  Figure  2.  The 
compensated  oscillator  is  composed  of  an  active  element  with  associated  circuitry, 
h  crystal,  a  variable  reactance  and  a  control  network.  Figure  3  shows  the  equivalent 
schematic  diagram  of  Figure  2  for  a  varicap  compensated  oscillator,  where  the  transistor, 
resistors,  capacitors,  and  inductors  constitute  the  active  element  and  associated 
circuitry.  The  crystal  is  connected  to  the  active  circuit,  a  varicap  is  the  variable 
reactance,  and  the  control  network,  Z^,  Z2,  and  E,  are  composed  of  thermistors, 
resistors,  and  a  voltage  source. 

Figure  4  is  a  simplified  a-c  equivalent  circuit  for  the  oscillator  shown  in 
Figure  3  and  is  the  basis  for  the  following  analysis.  It  is  assumed  that  the 
oscillator  circuit  at  Terminals  1  and  2  in  Figure  2  can  be  represented  by  a  parallel 
capacitance,  C^,  and  negative  resistance,  -Rq.  Also  the  assumption  is  made  that  Rgis 
negligible. 

Equation  (1)  defines  the  change  in  frequency  of  a  crystal  due  to  a  change  in  the 


capacitance  presented  at  its  terminals  as  shown  in  Figure  5.  C^,  M,  and  r  =  Cq/ 

are  constants  of  the  crystal,  and  is  the  crystal  load  capacitance. 


C  X  10® 
P  -M  +  o _ 


1 


In  this  analysis,  the  Q*s  are  considered  high  enough  that  losses  can  be  ignored. 
Cjj  is  equivalent  to  C^C^/C^  Equation  (2)  defines  P  as  a  function  of  and 

where  P  is  equal  to  A  f/f  in  PPM.  M  can  be  found  by  setting  P  =  0  and 


4.1 


solving  the  result  ing  .iquation  for  Mt 


(2) 


CqCjjX  10' 


„  .  -u  C--  -  .  Vd  X  10° 

5r  '+  '  rj'i"  "  T^'e'T 're^'dT 


Now  if  P  is  differentiated  with  respect  to  C^,  then  (d  P)  as  a  function  of 
(d  Cd^  will  be  obtained » 


dP 

(3)  3^ 


CqCc  X  10^ 


2r  (CqC_  +  CQCd  + 


I 

I 

I 

I 


In  a  temperature  compensated  oscillator,  Cd  will  be  a  varicap  network  and  control 
network  as  shown  in  Figure  5<,  E,  and  Zj  provide  the  proper  temperature  sensitive^ 
voltage  to  the  varicap  for  compensation.  The  equation  for  is  given  approximately 
by  Equation  (4).  J 


(4)  _  K 

"  ■  ^ 

Where  K  is  a  constant  determined  by  the  diode  characteristics  and  V  is  the 


I 

I 


control  voltage  provided  by  the  voltage  divider  shown  in  Figure  6. 

When  Equation  (4)  is  differentiated  with  respect  to  Vq,  Equations  (5)  and  (6)  ^ 
are  obtained. 

(5) 


dCd  .  1  KVo  -3/2 

■  2 


I 


(6) 


dCd  =  .  1  KVo 

T 


"3/2 


(dVo) 


If  Equation  (6)  is  used  to  replace  d  Cd  in  Equation  (3),  then  the  derivative  of 
P  with  respect  to  Vq  is  found  as  shown  by  Equation  (7). 

(7)  HP  _ 


1 


i 


(8) 


dP 


dVr 


C_aC^x  10^ 


4r  (CqC^  +  C^Cd  +  CjjCd) 
■  KCqC^  X  10^ 


3/2 


(dP) 


4.2 


1 


Therefore,  from  Equation  (81,  if  the  circuit  parameters  are  known  then  the 
allowable  voltage  change  for  a  given  change  in  P  at  a  specified  voltage  or 
can  be  found.  In  a  given  compensated  oscillator  the  percentage  change  in  can 

be  determined  to  maintain  a  given  Ap,  At  this  point,  the  allowable  voltage  change 
at  any  given  can  be  found.  To  further  carry  out  the  investigation,  the  error 
allowable  in  the  voltage  divider  to  maintain  the  same  frequency  accuracy  will  be 
found . 

Figure  2  shows  the  complete  circuit  for  the  varicap  and  its  voltage  control. 
From  this  circuit.  Equation  (9)  can  be  found. 


(9) 


Vo  = 


E 


(Z2) 


Differentiating  Vq  in  Equation  (9)  with  respect  to  Z-^  and  Z2  results  in  Equations 
(10  and  (11). 

(10)  dV^  -Z2  E 


dVo  .  Zi  E 

^ 

At  this  point  a  new  equation  defining  the  voltage  divider  will  be  introduced  by 
Equation  (12), 

(12)  ^  _  E  Zi 

o  ^ 

By  rearranging  Equation  (9),  the  equation  for  the  ratio  of  Z1/Z2  is  obtained 
and  this  ratio  will  be  referred  to  as  4>.  This  relationship  f or ^  is  sometimes  easier 
to  work  with  than  the  for  V^, 

The  derivative  of  ^  with  respect  to  is  given  in  Equation  (13). 

(13)  d<ti  .  E 


4.3 


U'  '  'jV^  = - (r  J.) 

Equation  (14)  shows  the  change  in  for  a  specified  and  change  in  (ji. 

Now  relating  Equations  (10),  (11),  and  (14)  back  to  Equation  (8)  the  following 


relationships  are  obtained, 

.2 


(15)  dZ^  =  - 


(16)  dZ, 


(Zj^+Zj)' 

Z^E 

(z^+z^)^ 


(4r)  (CoCc+C  C^+C  C^)^ 

- - -  (dP) 

K(C  X  106) 


Z^E 


(17)  d  ♦  =  -I 


(4r)  (C^CgfCpCdtC^C^)' 

(4r)  (CpC^tCpCdtCeCd)^ 
KCqcTxIO® 


(dP)  Vjj3/2 


(dP)  V, 


3/2 


Another  relationship  that  will  be  important  when  considering  the  stability  of 
a  given  compensated  oscillator  is  the  change  in  P  with  a  change  in  C^,  From 
Equation  (2): 

(18)  dP  ^  (CoCc+CoCdtCdCc)  X  10®  -C^Cg  x  10®  (C^^fCj) 


dC, 


Therefore , 


dP 

dc. 


2r  (Vc^C^Cd+CcC^) 
x  10®  (Co+C^) 

2r  (CoCg+C^jCdtCcC^)^ 

C  C  ^  X  10® 
o  c 


T 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 
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Rearranging  Equation  (18),  the  equation  defining  the  change  in  C  for  a  given 

c 


change  in  P  is  obtained. 


(19) 


dC, 


X  10® 


(dP) 


-H 


Values  will  be  assumed  for  the  circuit  shown  in  Figure  6  and  by  using  the 
equation  derived  previously,  the  defining  relationships  for  the  oscillator  will  be 
determined. 


4,4 


Let  r  =  Cq/Ci  =  300 

Cc  s  100  pf 
E  =  15  V 

Co  *=  5  pf 

dP  =  .01  PPM 


K  =  200  X  10"^'2  f  -V 
Cd*K/V^l/2 


Let  Cd  ^ 

1  200  pf  14 

2  141,4  pf  6,5 

4  100  pf  2,75 

9  66.7  pf  ,667 

12  57.7  pf  ,25 

Assuming  that  a  maximum  change  in  frequency  of  1  part  in  10^  is  desired  from 
any  given  parameter  change,  then  the  allowable  changes  in  the  parameter  can  be 
computed.  The  following  table  is  the  values  obtained  for  this  hypothetical 
oscillator. 


MtYTMTTM  VARTATTQW 


CIRCUIT  PA 


FERS  FOR  A  MAXIMUM  raEQUENCY  CHANCS  QF  Q.Ql  PPM 


lo 

d  C^/d  Vo-(10"‘^ 

d  Cc-(10"*) 

d4> 

d  Vo-(mv) 

• 

-d  Z, 

1 

-100 

-1,385 

.00831 

.555 

3,70  X  10 

“TT" 

2 

-  35,4 

-1.416 

,00298 

.795 

(Zi+Z2)^ 

5.3  X  lo' 

2 

4 

-  12,5 

-1,45 

,0011 

1.162 

(Zi+Z2) 

^2 

7,73  X  10 

9 

-  3,71 

-1,51 

,00034 

1,825 

(Zi+Zj)^ 

...21  X  10 

Z2 

12 

-  2,39 

-1,56 

,00023 

2,22 

(Z^^+Zj)^ 

1.48  X  10' 

-T7— 

Column  1  is 

not  related  to 

(dP),  but 

is  the  deriv^tiv 

’e  of  C^ 

with  resp' 

to 

Column  2  through  4  are  the  delta  changes  of  the  corresponding  parameters 

respect 

to  dP,  where 

(dP)  =  ,01  PPM, 

,  as  a  function  of  V^, 

4,5 
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*+02  Varicap  CoiTifjensations  Fnip  "  ■  bata 

The  varicac  method  of  compensation  has  also  been  investigated  empirically o  J 
A  number  of  oscillators  using  this  method  of  compensation  have  been  constructed  and 
their  characteristics  investigated.  Figure  3  is  the  basic  oscillator  configuration  J 
used  in  the  construction  of  the  test  oscillators.  Figure  6  is  the  basic  compensatiqa 
network  used ,  * 

Tests  were  run  on  a  number  of  oscillators  to  determine  the  exact  character isticj 
exhibited  by  the  oscillator  due  to  changes  in  the  circuit  parameters.  The  first  test 
that  was  made  was  to  determine  the  change  in  frequency  due  to  a  change  in  supply  ^ 
voltage.  There  are  two  possible  results  from  the  experiment  depending  upon  the 

I 

manner  in  which  the  bias  voltage,  E,  is  obtained.  If  (6t)  in  Figure  3  is  also 
(E),  then  a  change  in  frequency  due  to  a  change  in  voltage  will  be  due  to  two  effecl^. 
One  effect  will  be  the  change  in  capacitance  of  the  compensation  network  due  to 
a  change  in  voltage  on  the  varicap  and  the  other  will  be  the  change  in  frequency  | 
due  to  changing  only  the  B+  voltage  on  the  oscillator. 

The  voltage.  V-.  will  not  be  equal  to  E.  but  will  be  directly  proportional  -i 


The  voltage,  V^,  will  not  be  equal  to  E,  but  will  be  directly  proportional  -i 
to  E,  The  relationship  is  V^,  «  +  22)E.  Therefore,  the  effect  of  an 

incremental  change  of  E  on  the  frequency  will  depend  upon  the  factor  Z2/(ZitZ2), 

Where  and  Z2  are  temperature  varying,  the  effect  of  Zj  and  Z2  will  have  to  be  | 
taken  into  account  when  determining  the  maximum  allowable  voltage  deviation. 

A  curve  of  Af/f  versus  B+  is  shown  in  Figure  8,  for  the  connection  where  separate  J 

power  supplies  are  used  for  E  and  Bt,  If  B4^  was  also  E,  the  curve  obtained  would  | 

be  the  sum  of  the  two  variations  discussed.  The  exact  magnitude  of  resultant 
variations  in  this  case  would  depend  upon  the  values  of  Bt,  Zi  and  Z2>  j 

From  the  curve  in  Figure  8,  the  slope  (A  f/f)/AV  can  be  determined,  At  any 
given  bias  point,  say  in  Figure  8,  the  maximum  voltage  deviation  can  be  found  [ 
for  a  given  deviation  in  frequency.  At  in  Figure  8  the  value  (Af/f)/AV  is 
equal  to  (N)  where  in  this  case  N  =  ,23  PPM/volt,  If  the  assumption  is  made  that  *■ 
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0.01  PPM  Ib  th*  mai(imn  fraqaancy  deviation  that  can  be  tolerated  due  to  voltage  change, 
then  the  allow^le  voltage  deviation  ist 

O.OIPPm/  Af/f/AV  ■  0.01  PPM/N  ■  0.0435  volts 
The  values  of  N  can  be  induced  by  selecting  components,  (transistors,  capacitors, 
etc.)  that  are. affected  less  by  voltage  and  by  selecting  a  different  bias  point  (Vj^). 

The  next  experiment  that  was  performed  on  these  oscillators  was  to  determine  the 
pullability  of  the  eosipensating  varicap,  e.i.  P/V^.  Figure  9  is  a  set  of  curves  of 
P  versus  for  different  types  of  varicaps.  If  a  certtin  voltage  range  for  is 
desired,  the  curves  in  Figure  9  indicate  the  total  allowable  frequency  deviation  that 
can  be  ceapanaated  for  by  using  a  particular  varicap. 

In  Figure  10.  the  effect  of  changing  thO'  voltage  variation  of  the  compensation 
oapaeitance  seen  by  the  crystal  and  oscillator  circuit  is  shown.  These  curves  were 
ohtaimed  by  putting  capacitance  in  parallel  with  the  varicap  and  increasing  the  series 
imduetaiiee  until  the  frequency  iws  f^  .  when  equals  five  volts.  The  change  is  the 
oharaotarlatioa  of  the  Af/f/v  slope  is  indicated  in  Figure  10. 

The  effect  of  changing  transistors  in  the  oscillator  was  not  dstectable  and  is 
assumed  to  be  negligible.  If  a  coil  is  used  in  series  with  the  crystal  for  means  of 
frequanoy  setting,  compensation  characteristics  may  be  altered  over  temperature  of  the 
coil  due  to  the  temperature  sensitivity*  Extensive  tests  have  net  been  performed  as 
yet  to  determine  the  temperature  effect  of  the  coils.  Two  varicaps  were  tried  in  the 
same  circuit  to  determine  how  much  the  P  versus  Vg  curve  would  change  from  one  unit 
to  amether  of  the  same  type.  Megligible  difference  was  found,  but  a  more  extensive 
analysis  of  the  effect  of  component  tolerances  of  compensation  eharaotoriotios  is  now 
in  progress. 

A  set  of  eurves  of  Vg  vofsus  temperature  required  to  compensate  crystals  with  the 
temperature  coefficient  shown  in  Figure  11  was  determined  from  a  typical  curve  as  shown 
in  Figure  9.  This  was  done  to  get  an  idea  of  what  the  typical  versus  temperature 
oharactaristies  of  a  compensated  network  would  have  to  be  to  compensate  crystals  with 
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various  angles  of  cuts-.  Figure  ^  -hv.-):.  the  resulting  versus  temperature  curves. 

To  generate  these  V__  versus  temperature  curves,  the  corresponding  compensation  J 

networks  required  for  obtaining  the  different  curves  are  also  shown.  The  difference 
in  the  basic  network  for  different  angles  of  cut  is  due  to  the  fact  that  the  upper  J 

and  lower  turning  points  change  as  the  angle  of  cut  changes;  and  in  turn,  this  changes  — 

I 

the  slope  of  the  compensation  curve  at  various  temperatures. 

An  oscillator  was  compensated  using  the  varicap  method.  Two  tries  were  all  that  "j 
were  required  to  bring  the  oscillator  total  deviation  to  7  PPM.  The  final  curve  of  the 
compensated  oscillator  is  shown  in  Figure  13,  Thirty  PPM  was  the  Af/f  between  | 

turning  points  of  the  uncompensated  oscillator.  From  the  experience  obtained  of  this 
compensated  oscillator,  it  appears  that  compensation  techniques  can  be  developed 
to  readily  compensate  an  oscillator  with  the  required  frequency  tolerances,  ”1 

I 

I 

I 

I 

I 

I 

I 

I 

■f 
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4,3  Transistor  Compensation  Method:  Mathematical  Analysis 

The  transistor  method  of  compensation  is  based  upon  the  junction  capacitance  of 
the  oscillator  transistor  and  its  control.  Figure  14a  is  the  basic  oscillator  circuit 
used  in  investigating  this  method  of  compensation  where  and  R2  are  variable  resistances 
Figure  14b  is  the  a-c  equivalent  circuit  for  Figure  14a,  i*  'the  internal  base  to 

collector  junction  capacitance  of  the  transistor.  The  junction  capacitance  is  determined 
by  the  voltage  from  collector  to  base, 

A  mathematical  analysis  of  the  transistor  compensation  method  has  been  made. 

Figure  15a  is  a  schematic  of  the  d>c  portion  of  a  transistor  compensated  oscillator  and 
in  Figure  15b  the  transistor  is  replaced  with  its  simplified  equivalent  circuit  where 
the  base  and  emitter  resistance  is  considered  to  be  negligible. 

The  analysis  of  this  circuit  was  made  using  as  the  parameter  desired  to  be 
investigated.  Using  ^cb  as  the  control  parameter  is  mathematically  simpler  than  using 
Cgj,  as  the  controlled  parameter  and  just  as  effsctivs  because  is  proportional 
to  as  shown  in  Equation  (1). 
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Ccb 


>  K 


All  equations  obtained  in  the  following  derivations  can  be  related  to  by 
using  Equations  (1)  and  (11) 
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From  thesa  equations*  Equation  (8)  can  be  rewritten  In  terns  ef  kneim 
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Negleotlng  Equation  (9)  redueee  to  Equation  (10) 
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By  taking  the  derivative  of  7,,^  with  respect  to  the  elreult  panswters 


te  be  considered*  Equations  (11)  through  (17)  are  obtained. 
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Thus,  by  knowing  a  given  change  in  circuit  parameters,  the  resulting  change  in 
can  be  found  and  correlated  to  the  resulting  change  in  through  Equation  (11). 
As  can  be  seen  from  the  equations  just  derived,  beta  is  a  pz^domlnant  factor.  If  beta 
can  be  made  so  large  that  Ijj<  <1^^)  then  the  previous  equations  can  be  rewritten 
using  this  assumption.  The  following  equation  was  derived  from  Equation  (10)  assuming 
beta  to  be  very  large.  1 —  — | 
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Thus  V  .  is  determined  by  I.  or  I.  and  1  or  I  or  by  R. ,  R>,  R  ,  or  R..  As  was 
cb  ■'1  2  c  e  ■'i»2»c*  « 

Indicated  in  the  previous  analysis,  this  independence  of  P  or  on  the  beta  of  a 
compensated  oscillator  transistor  would  allow  all  compensation  curves  to  be  run  at 
room  temperature  because  the  temperature  effect  of  beta  would  be  eliminated.  In  the 
case  where  beta  is  very  large,  the  the  Equations  (12)  through  (17)  reduce  to  the 
following  set  of  equations: 
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It  is  apparent  from  the  above  aquations  that  if  beta  is  large  enough  to  be  ignore^  • 
than  its  temperature  variations  can  also  be  ignored.  This  greatly  reduces  the  complexity 
of  the  equations  governing  the  transistor  compensation  method.  | 

Therefore (  the  change  in  with  a  change  in  any  circuit  resistance,  particularly 
Rj^  and  Rj,  can  be  determined  very  readily.  This  in  turn  can  be  related  to  a  change  iij 
frequency  for  a  change  in  R^  and  R^  by  obtaining  the  equivalent  circuit  of  the  ■ 

transistor  compensated  oscillator  and  solving  for  P  as  a  function  of  of  Rj^  and  R^. 

In  aetualityfbeta  large  enough  to  have  no  effect  on  the  transistor  compensation  | 
equation  will  never  be  achieved,  but  beta  may  be  large  enough  that  Equation  (18) 
will  be  very  close  approximation  for  At  the  present  time,  an  investigation  is  | 

being  conducted  to  find  transistors  with  higher  betas  than  those  now  being  used  or  a  « 
method  of  increasing  the  effective  beta  of  the  transistor.  * 
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4,4  Transistor  Ccr.pcnsation  Methods  Empirical  Data 

Tne  basic  circuit  used  in  investigating  the  transistor  compensation  method 
was  shown  in  Figure  14a,  The  configuration  of  the  oscillator  is  fixed  in  this  study 
to  oscillators  such  as  those  shown  in  Figure  16,  In  any  oscillator  using  the  transistor 
method,  the  junction  capacity  must  be  in  such  a  position  that  it  can  control 

the  frequency  of  the  oscillator.  This  requires  that  the  junction  capacity  in  circuit  (a) 
in  Figure  16  appear  across  the  inductance  and  crystal,  in  circuit  (b)  from  base  to 
ground  or  in  circuit  (c)  from  collector  to  ground.  Configuration  (b)  requires  that  the 
collector  be  grounded.  The  configuration  in  (c)  requires  that  the  base  be  grounded. 

All  three  configurations  have  been  tried.  There  is  no  advantage  in  gro\ind:ng  the 
collector  as  in  configuration  (b),  unless  it  is  desired  to  have  one  side  of  the 
crystal  grounded.  The  reason  for  grounding  the  base  is  to  eliminate  any  effects 
that  varying  and  might  have  on  the  frequency  of  the  oscillator. 

The  relationship  between  R^^  and  R^  and  P  has  been  investigated.  This  relationship 
is  basically  the  same  for  all  transistors.  The  value  of  junction  capacitance  and  the 
change  in  capacitance  with  junction  voltage  of  a  given  transistor  determines  the 
magnitude  of  the  effect  of  R^  and  R^  on  frequency.  At  three  megacycles  the  reactance 
change  required  to  obtain  adequate  pullability  requires  a  junction  capacitance  of 
approximately  20  to  30  uf.  This  requirement  immediately  rules  out  a  large  number  of 
high  frequency  transistors  because  of  their  low  junction  capacity.  During  the 
experiments  performed  the  2N697  transistor  was  used  almost  exclusively  because  it 
meets  the  requirements  of  good  frequency  characteristics  and  large  junction  capacity. 
Other  transistors  were  used  and  a  comparison  to  the  2N697  of  a  2N1507  is  given  in 
Figure  17,  A  very  high  gain,  large  capacitance  transistor  is  now  on  order  that  should 
have  a  much  higher  beta  than  the  2N697, 

There  is  a  difference  in  the  slope  of  the  Af/f  versus  R  curves  for  various 
transistors.  The  transistors  used  in  the  experiments  were  not  selected  for  uniformity. 

If  they  had  been  selected  according  to  junction  capacity,  more  uniform  characteristics 
would  have  been  obtained.  The  curves  of  R^^  and  R^  versus  P  indicate  that  the  change 
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in  resistance  of  will  slightly  affect  the  pullability  of  and  R^  will  affect  the 
pullability  of  R^,  This  is  true  because  of  the  change  in  base  current  in  the 
compensation  network. 

Temperature  also  has  some  effect  on  the  slope  of  the  R  versus  P  curves.  Host  of 
this  effect  is  due  to  the  change  in  beta  of  the  transistor  with  temperature.  A  high 
gain  transistor  will  eliminate  most  of  the  temperature  dependence  of  the  pullability 
AP/AR. 

The  general  curves  of  R^  and  R^  versus  temperature  required  to  compensate  a  crysta 
show  similar  characteristics  to  those  of  curves  (a)  and  (b)  in  Figure  18.  This  curve 
is  tru3  if  it  is  assumed  only  NTC  thermistors are  used  for  compensation.  If  both 
positive  and  negative  coefficient  thermistors  are  used  it  is  possible  to  use  only  R^ 
for  the  compensation  element.  A  typical  compensation  curve  of  R^  using  both  PTC  and 
NTC  thermistors  is  sho%m  in  Cuz^e  (c).  Although  the  use  of  only  R^  for  compensation 
greatly  simplifies  the  compensation  procedure,  PTC  thermistors  are  not  available  in 
enough  of  a  variety  to  obtain  the  flexibility  in  compensation  characteristics  required. 
Therefore,  almost  all  of  the  experiments  performed  on  transistor  compensated 
oscillators  was  done  using  both  Rj^  and  R2  to  generate  the  Af/f  versus  temperature 
characteristics.  R^  essentially  controls  the  low  temperature  compensation  require¬ 
ments  and  R2  controls  the  high  temperature  requirements.  There  is  a  certain  amount 
of  interaction  between  R^  and  R^  at  the  intermediate  temperatures.  Figure  19  shows  an 

ideal  case  where  R  becomes  ineffective  at  T  ,  and  R„  becomes  effective  at  T  .  Methods 
1  2  2 

whereby  the  resistance  changes  in  R^  do  not  affect  the  compensation  performed  by  R2 
and  resistance  changes  in  R2  do  not  affect  the  compensation  provided  by  R^  are  being 
Investigated  and  will  be  discussed  in  the  section  on  non-linear  resistance  networks. 

Four  oscillators  have  been  compensated  to  varying  degrees  of.  accuracy  using  the 
transistor  method.  Figure  20  shows  the  circuit  for  the  four  oscillators  and  also  gives 
the  uncompensated  change  in  frequency  between  turning  points  for  each  oscillator. 

Figure  21  gives  the  resulting  curves  for  Oscillators  #1  and  2.  Figures  22  and  24 
show  the  evolution  of  the  final  frequency  versus  temperature  curve  from  the  original 
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uncompensated  oscillator  curve  for  Oscillators  #3  and  4,  Figures  23  and  25  show 
the  circuits  for  the  and  for  each  curve  in  Figures  22  and  24, 

Oscillator  #1  and  3  utilize  the  grounded  emitter  configuration  and  Oscillator  #2 
and  4  utilize  the  grounded  base  configuration.  From  Figures  21,  22,  and  24  it  is  quite 
apparent  that  the  oscillators  using  the  grounded  emitter  configuration  were  more  success¬ 
fully  compensated.  During  the  compensation  procedure,  it  was  determined  that 
dP/PR  for  the  grounded  base  configuration  was  less  than  for  the  grounded  emitter 
configuration.  Initially,  networks  for  R^  and  R^  were  devised  from  the  R^  and  R2 
versus  P  of  the  oscillator  that  would  compensate  for  the  frequency  change  due  to 
temperature.  When  the  resulting  curve  was  plotted  from  the  data  obtained  on  the 
first  temperature  run  using  the  Initial  R^  and  R^  networks,  the  error  in  frequency  was 
plotted  versus  temperattire .  From  the  error  curves,  correction  curves  for  R^  and  R^ 
were  then  changed  to  Incorporate  the  required  error  correcting  resistance.  This 
procedure  was  done  until  the  errors  became  so  small  that  further  compensation  was  not 
feasible  for  the  time  required  or  until  the  effect  of  R^  and  R^  were  at  their  limits 
and  no  more  compensation  could  be  accomplished  without  major  circuit  changes. 

The  crystals  used  in  the  test  oscillator  were  not  optimum  with  respect  to  the 
df  between  turning  points.  They  were  all  that  were  available  at  the  time  the  program 
was  started.  Using  crystals  with  less  slope  between  turning  points  would  require 
less  compensation  and,  consequently,  less  frequency  pulling  capability.  This  would 
result  in  a  fewer  number  of  trial  temperature  runs  to  achieve  a  given  frequency 
stability. 

The  change  in  frequency  with  a  change  in  Bt  was  determined  experimentally  as  shown 
in  Figure  26.  The  average  slope  of  the  curves  is  approximately  (0.6)  PPM/volt.  This 
indicates  that  to  keep  the  effect  of  supply  voltage  variations  or  frequency  to  less 
than  +  0,01  PPM;  the  supply  voltage  cannot  vary  more  than  +.0167  volts. 

To  compensate  an  oscillator  to  less  than  +  1  PPM  using  the  transistor  method  will 
probably  involve  a  change  in  compensation  techniques.  The  variation  in  with 
voltage  for  a  given  number  of  transistors  will  vary  unless  transistors  are  selected. 
Therefore,  it  is  hard  to  specify  a  thermistor-resistor  circuit  that  will  compensate  an 
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osci.ixator  to  very  cicse  '  ;;  ^  w.-.or-  different  tretisistors  are  used.  For  accuraci- 

belov;  1  PPM,  z:.e  tuethod  to  compensate  an  oscillator  woujd  Lo  for  each  transistor  to  b| 
indi  dually  checked  and  compai-cd  to  previous  transistors  that  had  been  used  for 
compensation.  In  this  way,  transistors  could  be  sorted  into  different  categories 
and  a  specific  compensation  network  could  be  used  for  each  category.  | 

Another  method  that  has  been  used  to  compensate  an  oscillator  to  frequency  changes 
less  than  a  PPM  is  the  Ar  system.  In  the  AR  system  a  small  resistor  of  known  value  | 
is  inserted  in  series  with  and  R^  with  a  shorting  switch  in  parallel  with  the  AR’S| 
When  a  temperature  run  is  made  on  the  oscillator  AR^  and  AR^  are  shorted  at  each 
temperature.  The  change  in  frequency  for  a  change  in  R^^  and  R^  is  recorded  and  plottjl 
This  results  in  a  plot  of  P  versus  temperature  for  a  given  ARj^  and  AR2.  When 
the  compensated  Af/f  versus  temperature  curve  of  the  oscillator  has  been  plotted,  thej 
error  in  frequency  can  be  determined.  From  this  the  required  change  in  Rj^  and  R2 
can  be  determined  and  the  thermistor  networks  can  be  adjusted  accordingly. 

This  method  has  been  tried  and  works  very  satisfactorily  but  can  become  rather 
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lengthy  due  to  the  fact  that  it  is  sometimes  difficult  to  change  the  values  of  and 
R2  by  a  given  amount  over  a  limited  temperature  range.  In  some  cases,  circuitry  wil.;J 
have  to  be  added  to  change  the  resistance  versus  temperature  curve  of  R^^  and  R2 
rather  than  changing  the  values  already  incorporated  in  Rj  and  R2.  This  may  result 
in  an  excessive  number  of  components  if  many  changes  are  required  to  achieve  the 
required  frequency  accuracy. 
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<4,5  Isolation  Stage  Compensafion 

The  isolation  stage  method  of  compensation  utilizes  the  same  principles  as  the  J 
transistor  method  of  compensation,  and  the  equations  derived  in  the  section  of  ^  , 

I 

transistor  compensation  are  good  for  System  B*.  This  method  was  developed  during  » 
a  search  for  a  means  of  providing  a  "fine"  compensation  control  for  the  transistor  J 
method.  By  using  the  transistor  and  isolation  stage  methods  together,  compensation  can  ‘ 
effected  much  more  readily.  Figure  27  is  a  schematic  of  an  oscillator  utilizing  the  j  I 

I 

Isolation  stage  compensation  method,  | 

The  isolation  stage  method  of  compensation  is  most  effective  when  the  transistorl  j 

f 

method  is  used  to  reduce  the  frequency  deviation  of  the  oscillator  with  temperature  ’ 
a  standard  compensation  network.  The  error  in  frequency  that  still  remains  is  then  | 
corrected  for  by  using  the  transistor  in  the  isolation  stage  for  compensation,  which  |Llj 
have  less  effect  on  the  frequency  than  the  oscillator  transistor.  This  in  effect  I 

I  i 

provides  a  "fine"  compensation  adjustment  where  the  oscillator  transistor  provides  * 

a  "coarse"  frequency  adjustment.  » 

i  ' 

Figures  28  and  29  are  curves  of  P  versus  Rj  as  a  function  of  R3,  and  C^,  t 

are  as  shown  in  the  schematic  in  Figure  27.  Figures  28  and  29  illustrate  the  effect 
of  R^,  Rj  and  R^upon  the  compensation  characteristics  of  the  isolation  stage  method,  , 
To  illustrate,  the  slope  of  Curve  #1  in  Figure  28  is  equal  to  AP/&R2J  the  _[ 


To  illustrate,  the  slope  of  Curve  #1  in  Figure  28  is  equal  to  AP/&R2J  the 

difference  in  Af/f  between  Curves  #1  and  #2  is  equal  to  AP/AR^,  the  difference  -j 

( 

in  Af/f  between  Curves  #1  and  #3  is  equal  to  AP/ARj^,  The  coupling  capacitor, 

C^,  determines  the  magnitude  of  the  effect  that  the  change  in  junction  capacitance 
the  isolation  stage  transistor  has  on  the  frequency  output  of  the  oscillator.  The 
effect  of  changing  C^  is  shown  in  Figure  29,  is  therefore  a  control  on  the  ^  ^ 

pullability  that  the  isolation  stage  transistor  exhibits.  Data  was  also  taken  on  th®—  *1 

1 

effect  of  changing  the  load  on  the  isolation  stage  when  it  is  used  for  compensation.  |j 

The  effect  on  frequency  for  a  reasonable  change  in  load  was  not  detectable.  The  plr 1 
of  P  versus  R^  as  a  function  of  and  was  made  to  get  an  order  of  magnitude  effect 
of  change  in  frequency  for  a  change  in  the  various  compensation  resistances.  | 
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Using  the  isolatior.  .  compensation  method,  an  oscillator  has  been  compensated 
to  a  certain  '.-.gree  as  shown  in  Figure  30.  This  compensation  curve  was  made  using 
only  the  isolation  stage  transistor;  the  bias  on  the  oscillator  transistor  was  fixed. 


i 
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4,6  Binistor  Compencation  Method 

At  the  present  time,  the  binistor  method  of  compensation  has  not  been  investigated 
very  thoroughly.  A  number  of  binistors  have  been  tested  to  determine  if  they  exhibit 
the  required  characteristics.  The  test  oscillator  configurations  are  shown  in 
Figure  31.  The  results  obtained  are  shown  in  Figure  32.  The  action  of  the  binistor 
was  not  as  predicted.  The  various  currents  in  the  circuit  are  shown  plotted  in 
Figure  33,  as  a  function  of  (voltage  from  collector  to  injector).  The  current 
through  the  collector  to  injector  junction  was  not  anticipated.  More  binistors  are 
now  on  order,  so  that  a  more  thorough  investigation  of  their  characteristics  can  be 
made. 

The  capacitance  across  the  collector  to  injector  junction  of  the  two  binistors 
tested  appears  to  be  too  small  for  practical  use.  This  is  due  to  the  fact  that  this 
capacitance  does  not  have  any  limiting  manufacturing  specifications.  The  possibility 
of  obtaining  either  selected  binistors  with  larger  junction  capacities  or  specially 
made  binistors  with  larger  injector  to  collector  junction  areas  has  been  discussed 
with  a  representative  from  Transitron.  The  feasibility  of  obtaining  a  number  of 
binistors  on  consignment  for  our  immediate  requirements  was  discussed,  but  no  definite 
answer  has  been  received. 
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4.7  Capacitor  -  Diode  Method  -  Mathematical  Analysis 

The  mc’-.'  ci  of  compensation  discussed  in  this  section  of  the  report  utilizes  a 
semiconductor  diode  and  a  fixed  capacitor,  therefore,  is  referred  to  as  the  diode- 
capacitor  method  of  compensation.  The  first  time  that  this  method  was  tried  for 
compensation,  the  results  were  quite  favorable  and  a  thorough  investigation  was 
initiated.  Figure  34a  shows  the  basic  oscillator  schmatic  utilizing  the  diode 
capacitor  method  of  compensation.  The  diode  is  a  silicon  diode,  biased  in  the 
forward  direction  and  capacitor  is  a  fixed  capacitor.  At  the  points  denoted  by 
(X)  the  d-c  control  circuit  is  connected.  The  d-c  control  network  is  shown  in 
Figure  34b.  The  combination  of  this  network  with  and  forms  the  entire  com¬ 
pensation  circuit.  In  Figtire  34b,  denotes  coupling  resistors,  and  Z2  are 
temperature  sensitive  resistance  networks,  and  the  voltage  source  E  is  constant. 

The  a-c  equivalent  circuit  of  the  compensation  circuit  is  shown  in  Figure  35b.  Rq 
represents  the  diode  and  control  network  in  Figure  35a.  Figure  36  is  a  plot  of 
a  typical  voltage  versus  current  curve  for  a  silicon  diode.  As  the  current  through 
the  diode  increases,  the  voltage  also  increases  in  a  non-linear  manner.  Rq  is  the 
slope  of  the  V-I  curve  at  any  point  as  shown  on  the  curve  at  Point  (a).  It  is 
apparent  that  as  the  d-c  current  through  the  diode  increases  the  a-c  resistance 
decreases.  Figure  35c  is  the  series  a-c  equivalent  circuit  of  the  parallel  equiva¬ 
lent  circuit  in  Figure  35b, 

R 

(a)  R  =  . ^ 

Rp2  u)2  c2  +1 


(b) 


=  C. 


1  + 


C  2  R  2 


Equations  (a)  and  (b)  give  the  relationships  between  the  series  and  parallel 
circuits  in  Figure  35,  Assuming  that  w is  constant  and  Cp  is  constant,  Figure  37 
is  a  plot  of  normalized  Rg  and  l/<u  Cg  versus  Rp.  As  Rp  varies  from  infinity  to  0, 
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Rg  varies  from  0  to  infinity «  Also  as  Rp  varies  from  infinity  to  0,  Cg  varies  from 

Cp  to  infinity  at  |Rp  i  =  |i*)Cp  | »  Rg  is  equal  to  Rp/2  and  Cg  =  2Cp.  Therefore,  the 

rasiatance,  Rg  placed  in  series  with  the  crystal  will  always  be  less  than  Rp  and  the 

series  capacitance  C.  will  always  be  greater  then  C_.  If  the  fixed  capacitance  C 

P  p 

and  the  V-I  curve  for  the  diode  are  known,  then  the  plot  of  Cg  versus  I  can  be 
determined.  This  can  then  be  used  in  further  calculations  for  the  required  I  versus 
temperature,  and  consequently  the  and  Z2  versus  temperature  required  for  compensa¬ 
tion. 

The  following  analysis  was  done  to  give  an  indication  of  the  effect  of  Rq  upon 
the  Q  of  the  oscillator.  Figure  38a  is  the  equivalent  oscillator  circuit  used  in  this 
analysis.  C^,  R^  and  are  constants  of  the  crystal,  Rq  and  Cq  are  the  compen- 

aatiog  natwot4es  and  Ry,  and  -R  are  the  equivalent  parameters  looking  back  into  the 
oscillator  from  the  crystal  and  compensation  network  terminal. 

The  following  analysis  is  an  attempt  to  find  an  order  of  magnitude  effect  of  the 
diodS'Capacitor  method  of  compensation  on  the  Q  of  the  oscillator. 


*'0 

(1)  R  «  - 

Rn  2  2  ^ 


(2)  =  Cn  (1  + 


U.2Cp2  Rp2 


-) 


(3) 


Rb  »  Ry^  0)^  Cy2  +  1 


(4)  Cb»Cy  (1 


u2Cy2  Ry2 


Ftmi  equations  (1)  through  (4),  the  circuit  shown  in  Figure  38a  can  be  reduced 
to  the  circuit  in  Figure  38b,  The  circuit  in  Figure  38b  can  be  reduced  still  further 
to  the  one  shown  in  Figure  38c  by  using  equations  (5)  and  (6). 
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(5) 

(6) 


Cm  - 


Ca  Cb 


Ca  +  Cb 


Now  combining  with  and  the  following  relationships  result  and  are 
shown  In  Figure  38d, 


V 


Rm^ 


(7) 


(8) 


(9) 


j  uCo  +  c„  + 


h 


V  ♦iCojJaJ 

u^\[C'e  ■  Cm  / 


Rq» 


m 


2  ^  ISn^  „2c^2 


V  Cq^  Cn,"  ♦  ^  (Cq  ♦  C„)- 

wCq  +  Cjn  ^  Cq 

ui  u 


I 


The  circuit  presented  in  Figure  38a  has  not  been  reduced  to  an  equivalent  series 
circuit  as  shown  in  Figure  38d»  To  continue  our  investigation  to  determine  the  effec 
of  the  diode  compensation  method  on  the  Q  of  the  circuity  assume  the  following  para-  ^ 
meters  for  circuit  38a. 


W  =  20  X  10*’  cps 


.12 


C.,  =  50  X  10"^2  f 


Cp  =  50  X  10 
■« 

'y 


:( 


=  5  X  lO"*  ohm 


-12 


Cq  »  5  X  10 


Rn  =  unknown  value 


Rn 

),2  X  103  +  X  10"B  +  1 


If 


'100  X  10-^2  +  5  X  10"^ 

RD^  _+  i 

5  X  io-^»  .t  5.2.K  lor^I 


If  Rjj  =  Infinity 


.2  X  103  + 


"d 


Rjj2  X  10”®  +  1 


X  10 


-8 
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Rd  =  0 
R-j  =  167 


If  Rq  =  Rp 


then: 


R^  =  900  0 


uCr 


,  Rq  is  equal  tc  1000  H 


The  relationship  for  Q  of  ':h''  oir^nuit  in  Fipur*  ! <; 
uLj_ 


(10)  Q  = 


Rl  +  Rip 


The  ratio  of  circuit  Q's  vrit.h  and  wi’.hout  the  corpenjanior:  netv,"jr:' 

Equation  (11), 


(’0). 


■■  r:  '  by 


(11) 


/  uLi  \ 

R^ij  Rp  '  0 


/  ''‘^1  s 

\^-x‘Trr) 


Rp  S  K 


f-J.  +  R...)  p  S  K 

X  * 

(R-,  +  Rn.)  Rp  =  0 


The  maximum  effect  of  Rp  whrn  Rp  * 


,  therefore,  tho  '•"•'"tt  deffr’datior 


circuit  Q  will  be  when  the  'o:lc  cor-^i'-i--''  ••’VfiotG! 

I 


(12) 


0  =1 


(■ 


Oyjm.x  (R,  > 


=  0 


Therefore  in  this  exar.ple; 

Rj^  900 


(13) 


0  = 


The  very  maxinum  value  "or  o  t  oould  be  cb-*-ji;:ed  •'.’■■.er.  R;;^  = 

I 

case,  a  =  900/167  =  5.4,  If  is  Root  above  or  bclc'4  the  vaV;o  I— 
will  decrease  corresoondi.-;,-!-.-. 

The  v.’l!;':  for  R-p  withru' . .  '■■■:.*• ’.or;  oar.  br-  "o  : 

order  of  r.-r.E;'.itude  bv  cor sio-.-r.’r.r  •‘h-  •ollcwir.?  ecua'” ’o’"". . 


If: 


(14) 


'o 


then: 

(15) 


oiL,  -  R,  Q 
1.  1 

>^0 


If  it  is  further  assumed  that  C^/Cj^  =  300,  then: 

(16)  =  .15  HENRIES 
therefore; 

3  X  10® 

(17)  Rt  =  -  -  R 

Oo 


The  following  table  gives  values  of  for  various  assumed  values  of  and 


Rj.  -  Q 

Oo 

Ri  -  n 

300  X  10^ 

10 

10 

30  X  10^ 

100 

10 

2.990  X  10^ 

1000 

10 

290  n 

10000 

10 

299,9  X  lo’ 

10 

me 

29,9  X  10^ 

100 

100 

2.9  X  10-^ 

1000 

100 

200  n 

lOOCO 

100 

Erom  the  table  above  it  appears  as  if  is  too  low  and,  consequently,  the 
assumed  values for  Ry  and  Cy  in  Figure  38a  were  probably  too  low.  By  obtaining  more 
accurate  values  for  the  circuit  parameters  a  more  realistic  value  for  Rrj,  would 
probably  be  obtained.  If  R^  is  larger  in  magnitude  than  was  indicated  in  the  examp 
given,  then  the  maximum  ratio  between  (Q^)  Rq  =  K/  (Q^)  Rq  =  0  would  be  less,  indie 
that  the  effect  of  the  diode  resistance  would  have  very  little  effect  on  the  Q  of  t 
oscillator. 
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Th«  temperature  dependent  resistance  network  in  Figure  35a  acts  as  a  current 

geneMtor  for  diode  and  it  represents  an  open  circuit  to  a-c  signals.  This  is 

tm*  in  actual  cenpenaation  circuitry  because  R  is  very  large.  Therefore »  the  diode 

c 

itwiiwtaristics  4e  net  affect  the  diode  current.  The  relationships  of  to  the  rest 
of  tha  eireait  paraaetsrs  is  derived  in  the  following  analysis. 

Contiier  the  circuit  in  Figure  35a. 


(11) 

E  •  li  (Zj^  ♦  Zj)  -  Ip  (2 

2^ 

(M) 

0  ■  (Zj)  ♦  Ip  (22  ♦ 

2  Rc  ♦  Rq) 

(20) 

lo-  - 

Z2  ♦  2  Rg  ♦ 

(21) 

/  Z2  ♦  2  R^j  ♦  Ro  ' 

^(Z^  ♦  22)  -  Ip  (Z2) 

(22) 

■■■•(■•? -a 

(^1  +  ^2)  “  ^2 

(23) 

-a 

(Zi  ♦  2?)  -  22 

(24) 

(Z^  +  Z2)  •  Z2 

(25) 

lo  ■  =A  ’ f 

*ir>  A  *  S 

If  Re» 

then: 

(26) 

x.-  Jfe.  (x»g.z 

2  t2i  ♦  Z2) 

is  approxiaately  equal  to  the  voltage  divider's  output  voltage.  divided 
by  XRq.  As  Z2  becoates  larger  this  relationship  becomes  less  accurate  and  the  exact 
equation  anist  be  used.  defines  the  resistance.  Rp.  of  any  given  diode.  Therefore. 
Rq  can  be  determined  easily  if  the  diode  V-1  characteristics  are  known. 
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An  analytical  analysis  of  an  oscillator  using  the  capaoitor-diode  method  of  £ 
compensation  can  be  made  quite  easily  if  the  assumption .  ia  made  that  ■  the  resistance 
is  negligible.  This  assumption ‘ihay  dr  may  not  be  true,'  dipending  on  the 'exact 
component  parameters  used,  but  it  simplifies  calculations  and  gives  an  order  of 
magnitude  of  the  compensation  network. 

Assuming  a  circuit  as  shown  in  Figure  1,  the  following  relationship  must  be 
known  to  arrive  at  an  analytical  analysis  Of  the  oscillator.  Essentially,  the  analys 
is  the  same  as  that  for  the  varicap  method,  with  the  exception  that  a  current 
source  provides  the  compensation  in  the  capacitance-diode  method  whereas  a  voltage 
source  is  used  in  the  varicap  method. 

Af  2Cq  X  10"® 

(1)  .  ‘  -  m  t  - 

f  r  (Cq  +  Cx) 

(2)  C2  =  f  (Rd,Cjj) 

C2Cc 

(3)  C  =  -  T  s  TEMPERATURE 

C2  +  Cc 


Af 

(4)«.  =  f  (T) 


f 

(5)  Rj)  = 

(6)  Ip  = 


f  (Id,  t) 

E  Zj 

(Zj)  +  2Rc  (Zi  +  Z2) 


(7)  =  f  (T)  ' 

(8)  Z2  =  f  (T) 

In  an  analysis  of  this  circuit,  the  variation  of  Rp  with  I©  and  temperature 
must  be  known,  the  variation  of.P  with  must  be  known,  and  Cg  must  be  known. 


I 

I 

3 

3 
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With  Cg  known,  the  required  value  of  can  be  determined.  From  Cg  and  a  given 
Cp,  the  required  Rp  as  a  function  of  temperature  can  be  determined.  From  Rp  the  re¬ 
quired  can  be  found  and  from  the  required  V^,  and  Z2  can  be  found  if  E  is 
known. 
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4,8  Capacitor  -  Diode  Methods  fr-'-iricai  Analysis 


Using  the  basic  principle  presented  in  the  preceding  section,  a  number  of  oscilla* 
tors  were  constructed  and  experimental  data  was  obtained  for  the  capacitor-diode  method 
of  compensation.  Figure  39  is  a  schematic  of  the  first  oscillator  built  utilizing  thisi 
method  of  compensation.  Tests  were  conducted  on  the  P  versus  V  characteristics  as  a 
function  of  as  shown  in  Figure  40,  The  effect  of  changing  is  apparent  from  the 

difference  of  the  slope  of  the  pullability  curves  in  Figure  40,  Thus  varying  Cj^  is  an 
effective  method  of  varying  the  pullability  of  the  compensation  network. 

Tests  following  this  initial  circuit  were  performed  on  complete  compensation  cir¬ 
cuits  as  shown  in  Figure  34.  Curves  of  P  versus  R  for  various  oscillators  are  shown 
in  Figures  41,  42  and  43.  The  effect  of  temperature  on  the  compensation  network  is 
also  included  in  Graphs  41  and  42.  The  temperature  effects  on  these  curves  is  due  to 
changes  in  the  diode  characteristics  V  versus  I  curve  with  temperature.  This  results 
in  a  change  of  with  temperature,  and  consequently,  a  change  in  frequency  for  a  giverj 
diode  current.  The  reason  why  some  diodes  are  affected  by  temperature  more  than  others^ 
is  now  being  investigated  to  determine  which  diodes  have  the  least  temperature  coeffici 


I 

I 


To  nullify  the  temperature  coefficient  of  the  diodes,  can  be  a  negative  temperature 


X 

I 


coefficient  capacitor  of  the  appropriate  slope. 

Figure  44  shows  the  P  versus  temperature  curves  of  a  capacitor-diode  compensated 
oscillator.  Curve  #1  is  the  first  try  and  curve  #2  is  the  second  try.  This  curve 
indicates  the  relative  ease  with  which  compensation  can  be  obtained.  The  network  fo; 
curve  #1  is  given  in  Figure  39.  Curve  #2  was  obtained  by  putting  a  thermistor  in  ti 
B+  leg  of  the  divider.  These  networks  were  obtained  from  the  set  of  curves  shown  in 
Figure  41.  The  method  used  to  determine  the  appropriate  networks  was  to  examine  the 
curves  in  Figure  41  and  pick  a  suitable  bias  point  for  R2.  The  R  versus  temperature 
function  required  to  produce  a  compensating  P  versus  temperature  characteristics  was 
then  solved  for  in  terms  of  actual  network  elements,  thermistors  and  resistors,  Tr. 
compensate  for  the  low  end,  it  was  assumed  that  P  versus  R^^  had  the  slope  as  P  versus 
R2  for  values  around  R2  =  22K,  This  is  not  exactly  true,  but  is  an  approximate  soluti 


1 

I 

I 

I 

I 
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Figure  *+5  shows  the  difference  betwr-.on  a  calculated  compensation  and  the  actual 
compensated  oscillator  frequency  curve »  The  calculated  and  actual  curve  were  in  very 
good  agreement  considering  the  fact  that  temperature  effects  on  the  diode  were  not 
considered  in  the  calculations* 

Figures  46,  47  and  48  are  plots  of  the  best  compensation  curves  obtained  to  this 
time,  and  the  evolution  of  curve  #4  from  the  original  crystal  curve  is  shown.  The 
circuit  used  for  these  curves  was  similar  to  the  one  in  Figure  39,  except  the  1  mh 
chokes  were  eliminated  and  the  68K  resistors  were  increased  to  82K, 
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DIODE  -CAPACITOR  COMPENSATION  CIRCUIT  FOR  NETWORK  MO.  3 

FIGURE39 
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4,9  Diode  voltage  Control  and  Switching 

The  problem  of  generating  specific  voltage  or  resistance  versus  temperature 
curves  has  been  discussed  in  the  sections  of  this  report  on  the  various  methods  of 
compensation.  The  problem  is  essentially  one  of  making  a  thermistor  or  thermistor 
network  ineffective  over  a  given  temperature  range  and  effective  over  the  remaining 
temperature  mage.  The  first  attempt  at  solving  this  problem  is  referred  to  as 
Diode  Method  a.  This  method  uses  semiconductor  diodes  to  generate  non-linear 
resistance  and  voltage  cvirves  with  respect  to  temperature. 

Method  a: 

The  basic  circuit  for  this  method  is  shown  schematically  in  Figure  49 »  where  a 
diode  is  used  to  generate  a  non-linear  voltage  with  respect  to  resistance. 


In  the  above  circuit.  Diode  Dj^  changes  the  normal  output  voltage,  Vq,  when  Dj^ 
is  forward  biased  or  E^2  ®D  long  as  is  greater  than  ^^2*  ^1 

reverse  biased  and  has  an  impedance  much  greater  than  Z2.  Therefore,  D^  is  essential 
an  open  circuit. 

E  a  supply  voltage 
Zi  =  thermistor  network 
Z2  *  thermistor  network 
D]^  »  diode 
Eq  b  bias  voltage 
Vq  =  output  voltage 
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When  E22  tries  to  become  more  positive  than  Ep,  then  Diode  conducts, 

maintaining  E22  ®  +  ^D*  Under  these  conditions  Z2  can  continue  to  change  with 

temperature  with  no  change  in  voltage  across  it.  Figure  50  shows  some  actual  curves 
of  voltage  versus  R2t  when  the  diode  is  in  the  circuit  and  is  not  in  the  circuit. 

If  Diode  is  reversed  in  polarity  the  circuit  shown  below  is  obtained. 


DIODE  CONTROLLED  VOLTAGE  DIVIDER 
Figure  51 

The  effect  of  D^^  j^n  Figure  51  is  exactly  the  opposite  of  the  effect  of  D^ 
in  Figure  49.  E22  cannot  become  less  than  Eq  t  e^,  but  can  become  greater. 

Another  method  of  accomplishing  diode  voltage  control  is  shown  in  Figure  52. 


As  resistance  increases  Vg  becomes  greater  if  Diodes  D^  and  D2  are  not  present 
and  as  resistance  decreases,  voltage  Vg  decreases  if  D^  and  D2  are  not  present. 
Figure  53  shows  the  effect  of  D^  and  D2  on  the  output  voltages  E^^  and  Ej. 
Figures  54  and  55  show  the  effect  of  varying  E^  on  the  output  voltage.  Another 
possible  configuration  using  this  same  schematic  is  to  place  a  diode  in  the 
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leg  of  the  circuit  as  shown  in  Figure  56.  ^ 
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DIODE  CONTROLLED  VOLTAGE  DIVIDER 
Figure  56 

By  using  various  combinations  of  this  type  of  voltage  control,  many  different 
V-  functions  can  be  generated.  The  major  use  of  this  type  of  voltage  control  was 
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intended  for  the  following  specific  case  of  TC  crystal  oscillator. 

Assume  that  compensation  of  a  crystal  using  the  varicap  method  with  a  temperature j[ 
curve  as  shown  in  Figure  57a  is  desired,— where  Tj^  is  the  minimum  temperature  and 
T3  is  the  maximum  temperature  and  T2  is  the  lower  turning  point.  If  varicap 
compensation  is  used,  then  the  required  V^  versus  temperature  curve  is  similar 
to  the  inverted  curve  of  Figure  57a  as  shown  in  Figure  57b.  A  voltage  divider  is  to 
be  used  to  supply  V^, 
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COMPENSATION  CURVES 
Figure  57 
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To  gerjerate  a  curv'e  such  as  shewn  :n  Figure  57b,  and  Z2  will  basically  be  as 
shown  in  Figure  58b  and  58c  respectively. 

Be  .  .-.w  72  has  the  most  effect  but  as  T-fcT2,  some  effect, 

oimilarly,  at  T3,  is  the  control  element  but  as  T-^-Tj,  Rtj^t  also  has  some 
effect.  Therefore,  for  some  AT  around  T2  both  thermistors  have  effect.  This 
complicates  and  in  some  cases  makes  it  almost  impossible  to  match  the  required 
versus  T  curve. 

To  eliminate  this  interaction  in  the  AT,  the  scheme  of  voltage  control  using 
diodes  can  be  employed  as  in  Figure  58d. 

At  T^,  the  equation  governing  is  shown  by  Equation  (1). 


(1)  =  (F 


As  the  temperature  increases  and  temperature  T2  is  reached,  cuts  off  and  Dg 
is  made  to  conduct.  Above  T2  Equation  (2)  describes  the  output  voltage,  Vq. 


+  (EOg  -  eo 


,  (1  *  —h _ N 


NOTE ! 

Pv  = 


-X  -  -2  -  -a  «  V  ‘'x  ^  *'2  " 

As  can  be  seen  by  inspection  of  Equations  (1)  and  (2)only  one  variable  exists  in 
each  equation  if  the  change  in  e^  is  considered  negligible.  In  Equation  (1),  E^^ 

IS  the  only  variable  and  in  Equation  (2)  or  R^^  is  the  only  variable.  This 
eliminates  the  matter  of  the  considering  the  effects  of  both  transistors  over  a 


Equation  (3)  is  the  equation  that  describes  in  the  absence  of  and 


E  (Rt^  +  Rg) 
[kx+kT^+k2+Ra] 
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This  method  of  voltage  control  can  also  be  used  in  the  diode  capacitor  method  of 
compensation 0  Also  the  transistor  method  of  compensation  can  utilize  this  method  to 
eliminate  the  effect  of  a  thermistor  in  and  Z2  at  a  given  temperature. 

The  circuit  described  above  can  also  be  considered  as  a  non-linear  resistance 
generator.  Assume  a  circuit  as  shown  in  Figure  59. 


NON-LINEAR  RESISTANCE  GENERATOR 
Figure  59 

Diode  has  no  effect  upon  the  circuit  as  long  as  e^  is  negative  or  zero.  The 
equation  for  Rj^j^  is  in  this  case  Ein/^in  *  ^in  *  (RTj^+R2^*  ®D  positive  or 
zero,  the  equation  for  R^^  becomes  the  followingiE^jj/Ij^j  *  R2  ♦  (Ej.  -  eD)/Iijj.  This 
term  for  input  resistance  no  longer  contains  R]^,  and  it  is  therefore  effectively 
out  of  the  circuit  when  the  above  conditions  are  satisfied.  This  non-linear 
resistance  circuit  is  useful  in  the  transistor  method  of  compensation. 

The  second  method,  Diode  Method  b,  of  generating  a  non-linear  voltage  function 
utilizes  a  Zener  voltage-regulating  diode.  Essentially,  Method  b  is  the  same  as 
is  needed.  This  is  due  to  that  fact  that  a  zener  diode  conducts  at  a  given  reverse 

4 

bias,  E,  changing  its  impedance  from  a  vary  large  value  to  a  very  low  value.  Zener 
diodes  can  be  used  to  generate  almost  the  same  voltage  functions  as  a  diode  and 
battery. 
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Assume  a  voltage  divider  as  shown  in  Figure  58a,  58b,  58c,  where  and  Zj 
are  thermistor-resistor  networks.  Using  NIC  thermistors,  and  Z2,  always  decrease 
in  magnitude  as  temperature  increases.  Also  assume  that  a  versus  temperature  curve 
must  be  generated  as  shown  below. 


VOLTAGE  Vs  TEMPERATURE  CURVE 
Figure  60 


1 
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At  T^,  the  change  in  V^  is  almost  entirely  determined  by  Rj^,  but  R-j^  and  R.j.^  both 
have  effect  at  T2.  Therefore,  Rf^also  determines  the  change  in  V^. 

Thus  for  temperatures  around  T^^^  is  dependent  on  both  R-p^^  and  Rp^*  By  using 
zener  diodes  the  impedance  of  V^  on  Rp^^  can  be  limited  to  a  given  temperature  range 
and  the  dependence  of  Vq  on  Rp^  can  be  limited  to  another  temperature  range. 

Limiting  the  range  of  effect  of  Rp^  can  be  accomplished  by  the  following  circuit, 


ZENER  DIODE  CONTROLLED 
VOLTAGE  DIVIDER 
Figure  61 
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Various  methods  of  using  the  zener  diode  to  control  voltage  can  be  devised. 

Figures  62,  63,  and  64  show  the  results  of  generating  a  non-linear  voltage  output 
asing  sener  diodes. 

The  sener  diode  method  has  the  advantage  that  only  one  voltage  source  is  required, 
hot  hes  eertain  eharacteristics  that  may  or  may  not  be  disadvantageous.  One 
eharaat eristic  that  the  saner  diode  is  voltage  polarity  dependent  and  another  is  that 
sener  diode  has  a  discrete  break-over  voltage.  If  different  voltages  are  required 
different  sener  diodes  must  be  used.  Also,  sener  diodes  may  only  be  used  to  limit 
positive  going  voltages. 

The  oorvea  in  Figure  65  illustrate  the  effect  of  zener  diode  on  a  coaqpensated 
oscillator  using  tha  eapacitor-diode  method  of  eonpensation.  Curves  #1  and  #2  in 
Figore  65  are  affected  very  slightly  by  the  sener  diode,  but  the  effect  of  the 
dotted  curve  ahoirs  the  actual  frequency  versus  temperature  characteristics  of  the 
oscillator  using  a  st^ly  voltage  between  15  and  15.5  volts. 
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4jlO  Oscillator  Aging  Tests 

In  order  to  determine  the  aging  with  time  of  compensates  ocillators,  an  aging 
test  program  has  been  initiated.  As  new  compensation  methods  are  tried,  oscillators 
incorporating  these  methods  are  placed  on  aging  runs.  At  the  present  time,  five  ^ 
oscillators  are  being  aged.  Three  of  the  five  use  the  transistor  method  of  compensation, 
one  uses  the  varicap  method  of  compensation,  and  the  other  oscillator  uses  the  diode-  ^ 
capacitor  method. 

The  first  oscillator  to  be  placed  on  aging  runs  used  the  transistor  method  of 

compensation.  Figure  66  shows  the  aging  curves  for  two  of  the  oscillators,  | 

Oscillators  #1  and  #3  whose  frequency  versus  temperature  curves  are  shown  in 

Figures  21  and  22.  The  other  two  oscillator  aging  curves  ,  Oscillators  #2  and  #4  were.j 

not  plotted  because  their  frequency  varied  with  room  temperature  to  such  an  extent 

that  the  aging  characteristics  were  not  apparent.  Oscillator  #4  has  since  been 

taken  off  of  the  aging  test.  | 

•  *> 

The  next  oscillator  to  be  put  on  aging  was  one  using  the  varicap  method  of 

•  r 

compensation.  Its  aging  characteristics  are  shown  in  Figure  66,  Curve  #3.  The  fre-  [ 
quency  vs  temperature  characteristics  are  shown  in  Figure  13, 

( 

The  most  recent  oscillator  to  be  included  in  the  aging  test  was  one  using 
the  capacitor-diode  method  of  compensation.  Its  aging  characteristics  are  shown 
in  Figure  66,  Curve  #4.  The  frequency  versus  temperature  curve  for  this  oscillator 
is  shown  in  Figure  47,  Curve  #4, 
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4jll  Temperature  Sensitive  and  Special  Reactive  Components 

During  the  visit  made  during  August  by  Mr,  Layden  and  Mr,  Schodowski  the 
possibility  of  using  temperature  sensitive  components  with  characteristics  that  could 
be  used  for  compensation  was  discussed.  An  Investigation  has  been  initiated  to 
determine  if  such  components  could  be  obtained.  Figure  67  shows  the  capacitance  and 
Inductive  reactance  changes  required  for  compensation  of  a  typical  AT  cut  crystal, 

TC  capacitors  with  temperature  characteristics  that  change  slope  can  be  obtained, 
but  none  have  been  found  that  are  commercially  available  that  are  of  the  right 
magnitude  and  turning  point.  Further  inquiries  into  obtaining  special  capacitors  with 
the  appropriate  TC  are  being  made.  This  will  probably  involve  the  necessity  of  having 
special  dielectric  compounds  made  to  obtain  the  correct  TC  and  capacitance.  Coils 
with  the  appropriate  TC  have  not  been  found.  Further  investigation  into  the  temperature 
characteristics  is  being  made  in  an  effort  to  find  a  suitable  material. 

An  inductor  that  is  not  temperature  sensitive,  but  is  current  controlled  is 
made  by  the  Vari-L  Company,  Inc,  This  type  of  component  could  be  used  for  temperature 
compensation  of  crystal  oscillators  by  providing  an  appropriate  temperature  controlled 
current.  The  characteristics  that  this  device  has  does  not  make  it  too  practical 
for  temperature  compensation.  The  required  control  current  for  the  variable  inductor 
ranges  from  0  to  more  than  20  ma;  there  is  a  hysterisis  effect  of  roughly  5%,  and  it  is 
relatively  large  in  size  and  weight.  The  manufacturer  of  this  device  is  being 
contacted  to  determine  the  best  unit,  if  any,  to  use  for  compensation  purposes. 


COMPENSATION  REACTANCE  Vs  TEMPERATURE 
Figure  67 
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4.12  Thermal  Studies 


Due  to  the  nature  of  temperature  compensated  oscillators,  they  are  subjected  to 
the  ambient  temperature  changes.  If  the  ambient  temperature  changes  rapidly,  it  is 
very  likely  that  the  crystal  and  temperature  sensitive  network  will  not  change  temper¬ 
atures  at  the  same  rate  due  to  the  difference  in  the  thermal  time  constant.  Where 
rates  of  change  of  temperature  are  fast  enough  to  cause  a  temperature  difference 
between  the  crystal  and  compensating  network,  means  have  to  be  provided  to  obtain 
a  thermal  delay  to  the  components  so  that  the  rate  of  change  seen  by  the  components 
will  never  exceed  the  various  component  thermal  time  constants.  This  in  effect  require 
a  thermal  integrator.  The  electrical  analog  of  thermal  integrator  is  shown  in  Figure 
68a,  In  Figure  68a,  assume  that  =  7 2  that  the  switch  82^  is  open.  At  some  time 
t^  the  switch  is  closed  which  is  analogus  to  setting  T2^>T2  by  a  specified  amount, 

Rj,  and  R3  is  the  thermal  resistance  of  each  material,  C2,  and  C3  represent 

the  thermal  stage  properties  of  each  material.  At  some  time  after  t^,  C3  is  at  th'^ 

same  potential  as  V^,  Conversely  at  some  time  t^^  after  t^,  T2  has  changed  to  the 
value 

Using  the  analogy  presented  above,  the  problem  of  obtaining  an  appropriately 
long  thermal  time  constant  for  the  heat  sink  becomes  electrical  rather  than  mechanics ' 
As  can  be  seen  from  the  simple  analogy  presented  above,  the  larger  and  R2 
are  made,  the  larger  the  time  constant. 

Another  problem  exists  in  the  actual  design  of  a  heat  sink  that  was  not  mentior.-t 
previously.  In  considering  a  three-dimensional  heat  sink,  the  problem  of  thermal 
gradients  or  temperature  difference  between  any  two  points  in  space  must  be  con¬ 
sidered,  Figure  68  (b  and  c)  illustrates  the  three  dimensional  electrical  and 
physical  analog  of  a  heat  sink.  Assuming  that  each  of  the  six  surfaces  of  the  heat 
sink  may  be  at  different  temperatures,  then  thermal  gradients  may  also  exist  at  the 
interior  of  the  heat  sink.  Therefore,  some  means  must  be  provided  to  eliminate  the 
possibility  of  thermal  gradients.  This  can  be  accomplished  by  making  material  ^1 
an  insulator  and  material  #2  a  conductor.  The  electrical  analogy  is  shown  in  Figure 
68d  for  one  dimension  with  normalized  values  of  R  and  C, 
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The  R  for  an  insulator  will  be  greater  than  or  the  internal  component  thermal 
resistance.  For  a  thermal  conductor,  the  R  may  be  quite  a  bit  less  than  Rl.  The 
C  or  energy  storage  of  an  insulator  will  be  less  than  and  the  C  of  a  metal  will 
be  greater  than  C^,  Also  the  thermal  coupling  impedance,  R^^*  ^23* 
very  much  greater  for  an  insulator  than  for  a  metal. 

By  using  the  basic  principles  presented  previously  it  can  be  seen  that  an  ideal 
heat  sink  would  consist  of  an  infinite  number  of  layers  of  thermal  conductors  and 
insulators.  In  practice,  the  number  of  layers  will  be  limited  by  practical  considera~ 
tions  such  as  weight  and  volume. 

The  results  of  the  Initial  experiments  that  were  made  are  presented  in  Figures 
69  and  70.  At  the  present  time,  a  mathematical  analysis  is  being  considered, 
such  as  mounting,  weight,  volume,  method  of  mounting  the  crystal  and  compensation 
network,  and  sis^licity  of  fabriaction. 
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4.13  Voltage  Regulators 

During  the  first  month  of  this  contract,  a  short  study  of  voltage  regulators 
was  made.  The  voltage  regulation  of  the  B  +  voltage  on  an  oscillator  is  very  impor¬ 
tant  as  can  be  seen  from  Figure  26,  where  the  approximate  slope  of  the  versus 

F 

V  curve  is  0.7  PPM  .  Therefore,  if  the  B  +  line  voltage  is  not  held  nearly  constant, 
volt 

an  appreciable  change  in  frequency  will  be  observed  for  a  change  in  the  B  +  voltage. 
Also,  the  compensation  methods  that  use  voltage  dividers  are  very  sensitive  to  changes 
in  input  voltage. 

A  number  of  voltage  regulators  were  investigated  with  varying  degrees  of  success, 
two  of  the  better  voltage  regulators  that  were  tried  and  tested  appear  in  Figure  71. 
Figures  72  and  73  show  the  characteristics  of  the  voltage  regulator  shown  in  Figure  71b 
The  regulator  in  Figure  71a  was  very  similar  to  the  one  in  Figure  71b,  but  was  not  quil 
as  efficient.  The  variation  in  output  voltage  with  a  variation  in  input  voltage  was 
approximately  10  mv  for  a  change  of  from  22  to  30  volts. 
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4.14  Component  Data 

A  survey  of  the  available  components  that  will  be  used  In  compensated  oscillators 
has  been  Initiated.  The  reason  for  this  is  that  if  compensation  is  to  be  achieved 
with  a  minimum  amount  of  effort,  then  the  component  parameters  must  be  known  very 
closely  and  cannot  change  under  environmental  conditions  or  with  time.  The  following 
table  lists  some  of  the  manufacturer's  data  obtained  for  various  components.  The 
congionents  listed  exhibit  the  best  that  were  found  from  the  data  available.  Further 
investigation  will  proceed  as  it  is  detemrined  what  components  and  parameters  will  be 
the  most  critical. 
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5tl  Conclusions 


Progress  has  been  made  In  determining  the  characteristics  of  the  different  type  | 
of  compensation  techniques.  The  results  so  far  indicate  that  additional  temperature 
compensation  techniques  of  quartz  crystal  oscillators  can  be  devised.  | 

At  this  time,  it  is  difficult  to  say  which  method  of  compensation  will  yield  tbo 
best  results.  The  mathematical  analysis  of  the  various  types  of  compensation 
indicates  that  all  methods  can  be  used  to  temperature  compensate  an  oscillator.  The 
best  compensation  obtained  has  been  with  the  capacitor  diode  method  over  the 
temperature  range  of  0<’C  to  teO'^C.  | 

The  effects  of  component  aging  have  not  been  investigated  sufficiently  to 
arrive  at  a  conclusion  as  to  the  total  effect  that  any  component  parameter  change  wii 
have  on  a  given  compensation  technique .  ' | 

Aging  data  on  compensated  oscillators  has  not  been  obtained  on  a  sufficient 
number  or  for  a  sufficient  length  of  time  to  draw  definite  conclusions.  From  the  | 

data  obtained  thus  far,  it  appears  that  the  transistor  and  capacitor  diode  method 
of  compensation  have  Very  little  aging  effects.  The  varicap  compensated  oscillator -1 
has  aged  considerably  more  than  the  other  two  types,  but  the  reason  for  this  is  not'j 
known  as  yet. 
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